Background: Resistance to chemotherapy drugs (e.g. taxol) has been a major obstacle in successful cancer treatment. In A549 human lung adenocarcinoma, acquired resistance to the first-line chemotherapy taxol has been a critical problem in clinics. Sphingolipid (SPL) controls various aspects of cell growth, survival, adhesion, and motility in cancer, and has been gradually regarded as a key factor in drug resistance. To better understand the taxol-resistant mechanism, a comprehensive sphingolipidomic approach was carried out to investigate the sphingolipid metabolism in taxol-resistant strain of A549 cell (A549T). Methods: A549 and A549T cells were extracted according to the procedure with optimal condition for SPLs. Sphingolipidomic analysis was carried out by using an UHPLC coupled with quadrupole time-of-flight (Q-TOF) MS system for qualitative profiling and an UHPLC coupled with triple quadrupole (QQQ) MS system for quantitative analysis. The differentially expressed sphingolipids between taxol-sensitive and -resistant cells were explored by using multivariate analysis. Results: Based on accurate mass and characteristic fragment ions, 114 SPLs, including 4 new species, were clearly identified. Under the multiple reaction monitoring (MRM) mode of QQQ MS, 75 SPLs were further quantified in both A549 and A549T. Multivariate analysis explored that the levels of 57 sphingolipids significantly altered in A549T comparing to those of A549 (p < 0.001 and VIP > 1), including 35 sphingomyelins (SMs), 14 ceramides (Cers), 3 hexosylceramides (HexCers), 4 lactosylceramides (LacCers) and 1 sphingosine. A significant decrease of SM and Cer levels and overall increase of HexCer and LacCer represent the major SPL metabolic characteristic in A549T. Conclusions: This study investigated sphingolipid profiles in human lung adenocarcinoma cell lines, which is the most comprehensive sphingolipidomic analysis of A549 and A549T. To some extent, the mechanism of taxol-resistance could be attributed to the aberrant sphingolipid metabolism, "inhibition of the de novo synthesis pathway" and "activation of glycosphingolipid pathway" may play the dominant role for taxol-resistance in A549T. This study provides insights into the strategy for clinical diagnosis and treatment of taxol resistant lung cancer.
Background
Lung cancer has been the leading cause of cancer mortality, and adenocarcinoma is its most prevalent form [1] . Paclitaxel (taxol) is commonly used as part of combination chemotherapy for the treatment of non-small cell lung cancer including adenocarcinoma A549. However, resistance to natural product chemotherapy drugs still constitutes a huge problem of successful cancer treatment, and the efficiency of chemotherapy is weakened because of paclitaxel resistance [2] . Potential mechanisms have been reported including multidrug resistance, β-tubulin alterations, detoxifying of paclitaxel, and apoptosis related genetic changes [3] . Although the extensive efforts have been made for understanding the underlying mechanisms, they are still elusive.
It has been recognized that the dysregulated metabolic profile of cancer is linked to the chemoresistance [4] . Cancer cells reprogram their metabolism to satisfy the demands of malignant phenotype, which decrease drug-induced apoptosis, conferring therapeutic resistance [5] . Since cellular SPLs appear to play a significant role in relation to cancer, their dysregulated synthesis and metabolism in drug-resistant cancer cells have been systematically studied [6] . Most previous studies focus on the biological effect of a kind of specific SPL like Cer [7] and S1P [8] on A549 cancer cell line. The sphingolipid profiles for A549 have been preliminary explored by using MALDI-TOF-MS, only two Cers have been defined as markers out of all the 9 SPLs detected in A549 [9] . The whole sphingolipidome in either A549 or A549T remains largely unrevealed. Recently, a versatile sphingolipidomic approach for both qualitative and quantitative analysis of up to 10 subclasses of SPLs has been established in our group [10] . In this study, the integrated LC-MS approach was employed to investigate the taxol resistance mechanism of A549T from the viewpoint of sphingolipidomic.
Methods

Chemicals and materials
The LIPID MAPS internal standard cocktail (internal standards mixture II, 25 μM each of 9 compounds in ethanol, catalog LM-6005) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). It was composed of uncommon SPLs which include: 17-carbon chain length sphingoid base analogs C17-sphingosine [So (d17: Acetic acid (CH 3 COOH, MS grade), formic acid (HCOOH, MS grade), ammonium acetate (NH4OAc, ACS grade) and potassium hydroxide (KOH, ACS grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The HPLC grade chloroform (CHCl 3 ), isopropanol (IPA), as well as methanol (MeOH) were purchased from Merck (Darmstadt, Germany). Dulbecco's Modified Eagle's Medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640 medium, Fetal Bovine Serum (FBS), Penicillin-Streptomycin (PS) were obtained from Gibco, New Zealand. Sodium dodecyl sulfate (SDS) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were acquired from Acros, USA. Ultrapure water (18.2 MΩ) was supplied with a Milli-Q system (Millipore, MA, USA).
Cell culture and SPLs extraction
A549 human lung adenocarcinoma cell line (Cat.No. KG007) and its taxol-resistant strain (A549T, Cat.No. KG124) were obtained from KeyGen Biotech Co., Ltd. (Nanjing, China). A549 was cultured in DMEM supplemented with 10% FBS and 1% PS in a humidified 5% CO 2 atmosphere at 37°C. A549T was cultured in RPMI 1640 medium supplemented with solution consisted of 10% FBS, 1% PS and 200 ng/mL taxol in a humidified 5% CO 2 atmosphere at 37°C. For lipid analysis, A549 and A549T cells were respectively seeded into 6-well plates at the density of 1.5 × 10 5 cells/well and incubated for 48 h. Lipids were extracted from the cells, when they were grown to 80% confluence. After rinsed twice by ice-cold PBS, the cells were scraped into a borosilicate glass tube, in which 0.5 mL of MeOH, 0.25 mL of CHCl 3 and 10 μL of 2.5 μM internal standards cocktail were added. The extract procedure was carried out by incubation at 48°C for 12 h after sonicated at ambient temperature for 30 s. After 75 μL of KOH in MeOH (1 M) was added, the mixture was placed into a shaking incubator at 37°C for 2 h. Acetic acid was used to neutralize the mixture before the typical four-step extraction was carried out for the preparation of SPLs. Further details for extracting SPLs and sample preparation were the same as previously described [11] . MTT assay was employed to evaluate the sensitivity of A549 and A549T cells to taxol. The IC 50 s were 67.72 nM and 124.7 μM, respectively corresponding to A549 and A549T, showing almost 2000-fold difference in taxol sensitivity between these two cell lines.
LC-MS conditions
Sphingolipid analysis was performed by using our developed LC-MS method with minor optimization, just as described previously [10, 11] . Chromatographic separation was achieved by using an Agilent 1290 UHPLC system, and it was interfaced with an Agilent ultrahigh definition 6550 Q-TOF mass spectrometer and an Agilent 6460 triple-quadrupole mass spectrometer respectively for qualitative-and quantitative-analysis. The acquisition and data analysis were operated by using Agilent MassHunter Workstation Software.
Data analysis
Based on the Agilent Personal Compound Database and Library (PCDL) software and LIPID MAPS Lipidomics Gateway, a personal database has been established with the latest update of 32,622 SPLs until August 06 2016. The screening and identification of SPLs were carried out by searching against it.
In qualitative research, the sphingolipidomic approach was applied by analyzing QC samples equally pooled by A549 and A549T. In quantitative research, A549 cells (models, n = 10) and A549T cells (models, n = 10), as well as QC samples (n = 5), were analyzed in parallel. Multivariate statistical analysis, including principle component analysis (PCA) and partial least squares to latent structure-discriminant analysis (PLS-DA) methods, were performed to examine significant differences between A549 and A549T, using SIMCA-P+ software version 14.0 (Umetrics, Umea, Sweden). Variable Importance in the Project (VIP) value in PLS-DA model was used for selecting and identifying biomarkers. The altered SPL with a VIP value larger than 1.00 was considered as a biomarker.
Results
Comprehensive profiling of sphingolipids in A549 and A549T cells QC samples were analyzed repeatedly to achieve comprehensive profiling of SPLs in A549 and A549T. In various subclasses of SPLs, the [ (Fig. 2) . The targeted ion pairs as well as complete chromatographic separation make the accurate MRM quantification of isomers possible.
Ceramides are prone to fragment into product ions corresponding to the sphingoid base backbone (e.g. m/z 262.25, 264.27, 266.28). In A549 QC samples, 29 Cers, including 20 dehydroceramides, 8 dihydroceramides (DHCers) and 1 phytoceramide (PTCer), were identified by comparing the MS information and retention time with those of SPLs in our previous study [10, 11] . Most Cers detected in the samples were with a d18:1 sphingoid backbone and the carbon number of N-acyl side chain varied from 14 to 26. A new dihydroceramide DHCer (d18:0/24:2), and Cer (d18:2/26:2), a dehydroceramide with high degree of unsaturation and long N-acyl chain, have been characterized for the first time to the best of our knowledge.
SM is the most multitudinous subclass of SPLs in A549 and A549T. Based on the exact mass in TOF MS and characteristic product ions obtained by Q-TOF MS/ MS, a total of 56 SMs, including 38 dehydrosphingomyelins and 18 dihydrosphingomyelins (DHSMs), were unambiguously identified. All these SMs were characterized with a C18 sphingoid base chain, among which d18:1 type takes the largest proportion. In the N-acyl side chain, the number of carbon ranged between 14 and 26, with an unsaturation degree up to 5. Notably, all the DHSMs with 21 or less carbons in the N-acyl chain are fully saturated, while the others (with more than 21 carbons in the N-acyl chain) can be detected together with their corresponding de-hydrogen form. Three highly unsaturated SMs (total unsaturation degree no less than 4) including SM (d18:1/24:3), SM (d18:2/24:2) and SM (d18:2/24:3), have been detected in the QC sample of A549 & A549T cells.
Hexose-linked glycoceramide including galactosylceramide (GalCer) and glucosylceramide (GluCer) were represented as HexCer. All the 6 HexCers and 6 LacCers were found with d18:1 sphingoid base backbone. Only one HexCer with N-acyl chain in odd carbon number, HexCer (d18:1/23:0) was identified in A549. Notably, among all the HexCers and LacCers, only d18:1/24:1 species were identified as glycoceramides with unsaturated N-acyl fatty chain. Seventeen sphingoid bases as well as the analogs were also successfully identified. The carbon number ranging from 14 to 19 and the degree of unsaturation falls between 0 and 2. Two PTSo with 3 hydroxyl groups, PTSo t19:2 and PTSo t16:1, have been discovered for the first time.
Quantitation of sphingolipids in A549 and A549T cells
MRM mode of UHPLC-QQQ MS could provide accurate and sensitive approach under a wide range for quantitative analysis of SPLs. As the accuracy of triple-quadruple is about 0.1 Da, the quantification of SPLs cannot be accurately achieved merely with a QQQ analyzer, especially when suffering the isotopic interferences. Every unsaturated SPL could be recognized as an isotope of another one with the same characteristic backbone but less degree of unsaturation. For instance, if the LC separation is incomplete, the content of Cer (d18:1/24:0) will be artificially high due to the interference of Cer (d18:1/24:1) (Fig. 3) . In this study, based on UHPLC complete separation and Q-TOF comprehensive profiling, accurate quantification was accomplished by eliminating the isotopic interference. By using the UHPLC-QQQ MS method with the optimized MRM parameters, a total of 75 species out of 114 identified SPLs were quantified in A549 and A549T cells, respectively. The amounts of these SPLs were quantified by comparing with the foregoing mentioned ISs.
The quantitative results indicated that SMs account for the majority of all the SPLs in A549 and A549T, among which SMs with C16/C18/C22/C24 N-acyl side chain took the largest proportion of the total content. SMs with d18:1 sphingoid backbone are the most dominant species, which take 27 out of all the 41 quantified SMs (Fig. 4) . For some SMs with high unsaturation degree or long N-acyl chain, the content is extremely low Fig. 1 Differentiation of isobaric SPLs by high resolution mass spectrometry. Accurate mass and isotope distribution can distinguish two m/z 316 compounds, corresponding to d19:0 sphinganine (C 19 H 41 NO 2 ) and t18:1 phytosphingosine (C 18 H 37 NO 3 ), respectively. Typical ion fragments in MS/MS confirmed the identification which cannot reach the limit of quantitation (LOQ). Figure 5 shows quantification data of 17 Cers. In general, the amounts of various Cers are significantly higher in A549 rather than those in A549T. Similar to SM, d18:1 Cers with C16/C18/C22/C24 N-acyl side chain showed relative high levels in both A549 and A549T, which take most proportion of Cer. LacCers and HexCers were only found with d18:1 sphingoid base backbone. All the 6
LacCers showed higher intensity in A549T than that in A549. But HexCer showed a species-dependent trend, HexCer d18:1/16:0, HexCer d18:1/22:0 and HexCer d18:1/23:0 increased in A549T, while HexCer d18:1/ 24:0, HexCer d18:1/24:1 and HexCer d18:1/26:0 decreased (Fig. 6) . The overall content of sphingoid bases was similar in both cell types, Sa d16:0 was found with the highest intensity (Fig. 7) . The relative abundance of each SPL varied greatly, but SPLs with N-acyl chain length of C16 and C24, respectively, are the most abundant species within each subclass.
PCA was used for the overview of SPL dataset and the spotting of outliers, and thereby pick out trends of grouping or separation. It was performed to visualize general clustering among A549, A549T and QC groups [R 2 X (cum) = 0.874, Q 2 (cum) = 0.845; Fig. 8a ]. Supervised PLS-DA was used to further study the differences between A549 and A549T and to select potential biomarkers. In PLS-DA, the result of model showed the performance statistics of R 2 X (cum) = 0.880, R 2 Y (cum) = 0.999 with an excellent prediction parameter Q 2 (cum) = 0.998, and the score plot showed good visual separation between A549 and A549T groups as well (Fig. 8b) . A total of 57 potential biomarkers were identified according to scattering-plot and the VIP value (Table 2) 
Discussion
Using the sphingolipidomic approach, we obtained the detailed sphingolipid profiles for human lung adenocarcinoma cell A549 and its taxol resistant strain A549T, and then performed quantification. We found A549 and A549T share all the same species of SPLs, among which SM (dehydrosphingomyelin and DHSM), Cer (dehydroceramide, DHCer and PTCer), HexCer, LacCer, and sphingoid base were identified as the major SPLs. In contrast to normal A549, decreasing levels of Cer and SM concomitant with increasing of glycosphingolipids represent the main SPL metabolic profile of A549T. Totally 35 SMs, 14 Cers, 3 HexCers, 4 LacCers, and 1 sphingosine are recognized as metabolic pathway related biomarkers.
Cer is the basic SPL structural unit which balances cell growth and death by inducing apoptosis [12] , and its definite efficacy in promoting apoptosis in A549 cells has been well studied [7] . It is noteworthy that Cers can be classified into SM-hydrolyzed and de novo-synthesized. The former is well known as triggering apoptotic death signaling in many cell types, while the specific role of the latter one seems important to tumor survival [13] . In human ovarian carcinoma cell line CABA I, anti-cancer drugs including taxol have been reported to activate SMase to generate Cer, which acts as a second messenger in triggering apoptosis [14] . While in lung carcinoma cells, Fig. 6 Content of HexCer and LacCer in A549 and A549T. The X axis represents the compose of fatty acid acyl chain of the d18:1 HexCer and d18:1 LacCer. Comparisons were performed by the non-parametric Mann-Whitney test. All HexCers and LacCers showed statistical significance between A549 and A549T (P < 0.0001), except for HexCer (d18:1/22:0) (P < 0.01) and HexCer (d18:1/23:0) (P < 0.001) Fig. 7 Content of sphingoid base in A549 and A549T. Comparisons were performed by the non-parametric Mann-Whitney test. All sphingoid bases showed statistical significance between A549 and A549T (P < 0.0001), except for Sa (d16:0) (P < 0.01), So (d16:1) (P > 0.05) and So (t18:1) (P > 0.05) the tumor tissues produce large amounts of both dihydroceramide and ceramide through the de novo synthesis pathway, but not through SM hydrolysis [13] . More relevantly, treatment of A549 cells with gemcitabine was demonstrated to increase Cer levels via the activation of de novo synthesis [15] . In the case of study of A549T in this paper, both Cer and SM levels were much lower than their levels in taxol-sensitive A549 cells, which indicates that the decrease of Cer may not attribute to "activating the SM pathway" as our previous study in A2780T [11] . Furthermore, DHCer was decreasing accompanied with Cer, which revealed the mechanism of taxol-resistance in A549T could be explained as "inhibiting the de novo synthesis pathway" (Fig. 9) .
Both Cer and its catabolite sphingosine as negative regulators of cell proliferation could promote apoptosis, and the role of sphingosine as a messenger of apoptosis is of importance [16] . In small cell lung cancer (SCLC), multidrug-resistance-associated protein (MRP) contributes to the drug resistance, and pro-apoptotic SPLs (Cer and sphingosine) could further induce apoptosis overcome or bypass MRP-mediated drug resistance [17] . In non-small cell lung cancer (NSCLC) including A549, sphingosine kinase 2 (SphK2) is proposed to be the key regulator of sphingolipid signaling which may contribute to the apoptosis resistance [18] . Inhibition of SphK2 can enhance the apoptosis of NSCLC cells, and it will certainly result in an increase of the substrate sphingosine. In A549T, all sphingosines showed consistent trend of decrease comparing to A549. It's known that sphingosine in mammalian cells is not synthesized de novo but it is generated from ceramides by ceramidases [19] . Thus, we can deduce that in A549T the concomitant decrease of sphingosine and Cer may be the result of ) and LacCers account for a large proportion of biomarkers in A549T. It has been observed that glucosylceramide synthase is up-regulated after drug intervention and suggests that glycolipids may be involved in chemotherapy resistance [2] . For decades, GluCer has been found to increase in the resistant cancer cells [20] , suggesting that glycosylation plays an important role in evading Cer induced apoptosis. Glycosphingolipids have recently been reported as transactivating multidrug resistance 1/P-glycoprotein (MDR1) and multidrug resistance-associated protein 1 (MRP1) expression which further prevents accumulation of ceramide and stimulates drug efflux [21] . Specifically, GalCer and LacCer were characteristically increased in taxol-resistant human ovarian carcinoma-derived KF28TX cells [22] . Moreover, GalCer was demonstrated to be the apoptosis protector, and its upregulation was also thought to attenuate the Cer-mediated apoptotic signals [23] . Our findings revealed a significant overall increase of glycosphingolipids in A549T, among which all LacCers showed a consistent tendency of increase, while HexCers (including GalCer and GluCer) showed a species-dependent trend. It should be noted that GluCer could be converted into LacCer under the influence of lactosylceramide synthase. Therefore the decreased species of HexCer might be GluCer. For instance, the decrease of HexCer (d18:1/24:1) resulted in the concomitant increase of LacCer (d18:1/24:1).
Conclusions
Evidences suggest that tumor microenvironment including the sphingolipidome plays an important role in cancer drug resistance. So far to our knowledge, there is no sphingolipidomic study on taxol-resistant A549 human adenocarcinoma cell line. Based on the comprehensive identification and accurate quantification of SPLs, decreasing of Cer, SM and sphingosine concomitant with increasing of HexCer and LacCer have been characterized as the metabolic profile of A549T. It indicated that "inhibition of the de novo synthesis pathway" and "activation of glycosphingolipid pathway" played the dominant role for taxol-resistance, and the key enzymes related to the pathways may have been altered. These results provide evidence to unravel the mechanism of taxol resistance in A549T. The distinctive phenotype could facilitate clinical diagnosis of taxol-resistant adenocarcinoma and provide insights into targets for the development of new drug against taxol resistance. 
Availability of data and materials
The datasets used and analyzed during the current study were available from the corresponding author(s) on reasonable request.
Authors' contributions ZHJ and JRW conceived the research; HH drafted the manuscript, ZHJ, JRW and LFY reviewed and revised it critically; TTT and LFY performed the cell experiments; HH, CCY and MJN carried out the sample preparation, LC-MS analysis and data interpretation; HH and TTT designed the figures. All authors read and approved the manuscript.
Ethics approval and consent to participate Not applicable.
Consent for publication
Not applicable.
